Direct numerical simulation ͑DNS͒ and large-eddy simulation ͑LES͒ of particle-laden turbulent channel flow, in which the particles experience a drag force, are investigated for two subgrid models and several Reynolds and Stokes numbers. In this flow, turbophoresis leads to an accumulation of particles near the walls. The objectives of the work are to investigate the accuracy of the subgrid models studied with respect to particle behavior and to explain the observed particle behavior predicted by the different models. The focus is on particle dispersion and mean particle motion in the direction normal to the walls of the channel. For a low Reynolds number, it is shown that the turbophoresis and particle velocity fluctuations are reduced compared to DNS, if the filtered fluid velocity calculated in the LES is used in the particle equation of motion. This is a combined effect of the disregard of the subgrid scales in the fluid velocity and the inadequacy of the subgrid model. Better agreement with DNS is obtained if an inverse filtering model, which was recently proposed, is incorporated into the particle equation. This model is shown to enhance turbophoresis and particle velocity fluctuations in actual LES. The results of the approximate deconvolution model ͑ADM͒ agree better with DNS results than results of the dynamic eddy-viscosity model. This can be explained from the better prediction of the fluid velocity statistics by ADM and the better correspondence of the subgrid models adopted in the fluid and particle equations. Although the differences between the two subgrid models become smaller, similar conclusions are obtained at a higher Reynolds number. Compared to fourth-order interpolation of the fluid velocity to the particle position, second-order interpolation approximately cancels the effect of the subgrid model in the particle equation of motion.
I. INTRODUCTION
In many examples in industry and the environment, particles are transported in a turbulent flow. The motion of the particles is affected by the fluid flow; for example, by a drag force and lift force. If the particles are small compared to the smallest length scales of the fluid flow, a point-particle description can be employed. 1, 2 The fluid is then modeled as a continuous phase, while for each particle an equation of motion is imposed. Direct numerical simulations ͑DNS͒ of particle-laden turbulent flows in simple geometries, such as pipe flow and channel flow, have been carried out in this way. [3] [4] [5] For single-phase flows, large-eddy simulation ͑LES͒ has gradually become a more and more powerful tool, which produces acceptable results with much less computational effort compared to DNS. The development of more accurate subgrid modeling strategies, such as dynamic modeling, 6 approximate deconvolution models, 7 the variational multiscale model, 8, 9 and the regularization principle, 10 have demonstrated the large potential of LES for various single-phase turbulent flows.
In the last decade, LES has also been applied to particleladen flows. The particle equation of motion always contains the fluid velocity, and in an LES only the resolved part of the fluid velocity is known. In many examples, the equation of motion for the particles is solved with the filtered fluid velocity 5, 11, 12 without incorporating a model for the subgrid scales. When the particle relaxation time is large compared to the Kolmogorov time scale and the smallest time scale resolved in the LES, this approach is justified. 5 Armenio et al. 13 studied the effects of the disregard of the subgrid scales in the particle equation of motion by a priori and a posteriori simulation of particle-laden channel flow, but they restricted to quantities and test cases where the effect of the subgrid scales is small.
In contrast, in Refs. 14 and 15 it has been shown that a phenomenon as turbophoresis, where particles move towards the walls of a channel by the effect of the turbulence, cannot accurately be predicted if the subgrid scales in the fluid velocity are disregarded in the particle equation of motion. The results depend on the subgrid model applied, but even for an "optimal" subgrid model, a substantial difference between the DNS and LES results remains, especially for particle relaxation times of the same order as the Kolmogorov time. It has also been shown 14, 15 that results improve if a defiltered fluid velocity 16 is used in the particle equation of motion, and if an adequate subgrid model, such as the dynamic eddyviscosity model, 6 is applied. Later, a similar deconvolution model was proposed as a subgrid model in the particle equation by Shotorban and Mashayek, 17 who applied this procedure in LES of particle-laden homogeneous shear flow.
The defiltering procedure proposed in Ref. 14 remains somewhat arbitrary, since the filter adopted has no relation to the filter applied in the LES. In contrast, in the approximate deconvolution model ͑ADM͒, 7 an explicit inverse filter is used in the LES itself. Application of the deconvolved velocity to both the fluid and particle equations would yield a more uniform method. Therefore, in this article it will be studied whether the deconvolved fluid velocity of the ADM can also be used in the particle equation of motion. In order to compare results, LES of particle-laden turbulent channel flow will be carried out for two different subgrid models: the dynamic eddy-viscosity model 6 and ADM. 7 Simulations will be performed with and without the defiltering procedure. Results will be compared with DNS results on a fine grid, on which all relevant length scales are resolved, and on a coarse LES grid, which serves as an LES without a subgrid model.
Simulations will be performed at two Reynolds numbers: a low Reynolds number ͑Re = 150͒, and a higher Reynolds number ͑Re = 590͒, for which no DNS results of particle-laden flow are available. Particles with three different particle relaxation times will be studied, which lie around the average Kolmogorov time of the flow. Particles with the same time scale as the fluid are most influenced by the turbulence. Quantities that will be investigated are mean particle velocity, particle velocity fluctuation, and particle concentration.
The article is organized as follows. In the next section, the equations of motion and numerical methods for particles and fluid are formulated. In Sec. III results are shown and explained for DNS and LES, including results obtained with the defiltering procedure. Finally, in Sec. IV conclusions are stated and discussed.
II. GOVERNING EQUATIONS AND NUMERICAL METHOD
In this section the equations of motion and numerical methods for fluid and particles are described. Moreover, the defiltering procedure is elucidated.
A. Fluid
The flow considered in this article is incompressible turbulent channel flow. The Navier-Stokes equation is solved in rotation form:
where = ٌ ϫ u is the vorticity, P = p / f + 1 2 u 2 , is the fluid kinematic viscosity, p the fluctuating part of the pressure, and f is the fluid density. Finally, F is the driving force, chosen constant in time and space. In that way, the timeaveraged Reynolds number based on the friction velocity u ͑Re = Hu / ͒ can be specified, where H is half the channel height.
In the DNS all relevant length scales and time scales are resolved. In the streamwise and spanwise directions, periodic boundary conditions are applied. Therefore, the use of a pseudospectral method is very convenient. In the two periodic directions, a Fourier-Galerkin approach is applied, whereas a Chebyshev-collocation method is adopted in the wall-normal direction.
The time integration is performed with a combination of the second-order-accurate implicit Crank-Nicolson method for the viscous and pressure terms and a third-order-accurate compact-storage explicit Runge-Kutta method for the other terms. This makes the total method second-order accurate. The nonlinear term is calculated by transforming from Fourier space to real space and back with fast Fourier transform. In order to prevent aliasing errors, the 3 / 2-rule is applied in the periodic directions. The velocity field is made divergence free within machine accuracy following the approach proposed by Kleiser and Schumann 19 applied to the collocation approximation. 18 The computational domain has a size 2H in the wallnormal direction, 4H in streamwise direction, and 2H in spanwise direction. In the DNS ͑Re = 150͒, the number of Chebyshev collocation points equals 129 and 128 Fourier modes are used in both periodic directions. This makes the dimensions of the channel in wall units equal to 300 in the wall-normal direction, 1885 in the streamwise direction, and 942 in the spanwise direction. Moreover, ⌬x + = 14.7, ⌬z + = 7.4, and ⌬y + ranges between 0.045 at the walls and 3.7 at the center of the channel. Throughout the article, x, y, and z are used for streamwise, wall-normal, and spanwise directions, respectively. The simulation was started from Poiseuille flow, onto which several of the least stable twoand three-dimensional disturbances according to linear stability theory were superposed. Due to nonlinear interactions, transition to turbulence occurs and after a large number of time steps, a state of fully developed turbulence appears.
In the LES calculations an equation for a spatially filtered fluid velocity ū is solved, where
The integral extends over the whole domain and G͑x ; y͒ is a filter function; e.g., the top-filter or a spectral cutoff filter. Filtering of the Navier-Stokes equation for the fluid velocity leads to the turbulent stress tensor i,j given by
which depends on the unfiltered fluid velocity and hence is unknown in a LES. Here, it is assumed that the filter operator commutates with all derivatives and that the viscosity is constant. Otherwise, more subgrid terms appear in the filtered Navier-Stokes equation. In a large-eddy simulation the turbulent stress tensor is replaced by a subgrid model, which is expressed in terms of the known filtered fluid velocity. In this work, two subgrid models are considered: the dynamic eddy-viscosity model, 6 which is based on Smagorinsky's eddy-viscosity model, 20 and the approximate deconvolution model ͑ADM͒. 7 Moreover, for comparison purposes, calculations on a coarse LES grid without subgrid model are performed. In the dynamic eddy-viscosity model
where S ij is the rate of strain tensor given by
and ͉S͑u͉͒ = 1 2 S ij ͑u͒S ij ͑u͒. Furthermore, ⌬ is the typical width of the filter. In the present application of channel flow, the filter width in each direction is taken equal to the grid size, and
is taken as the typical filter width, which depends on the wall-normal coordinate. Finally, the coefficient C d is dynamically adjusted to the local structure of the flow. The coefficient is determined by the introduction of a test filter with filter width 2⌬ and application of the Germano identity. 6 Following Lilly, 21 the dynamic coefficient is averaged over the homogeneous directions. As a test filter, the top-hat filter is applied.
The basis of ADM is replacement of the unfiltered velocity in ij by an approximate deconvolution of the filtered velocity, according to
where
and G is the filter kernel. The filter and the implementation of the model are the same as in the original paper by Stolz et al. 7 In this work, the choice of N = 5 is made as well. In order to represent the effects of the subgrid scales, an extra regularization term is added to the Navier-Stokes equation:
where is dynamically adjusted in such a way that the kinetic energy contained in the smallest resolved scales remains constant in time. 7 The numerical method used for the LES is the same as for the DNS. The turbulent stress tensor is treated in the same way as the other nonlinear terms in the Navier-Stokes equation. For the ADM, de-aliasing is also performed in the wall-normal direction. Simulations at two Reynolds numbers are performed. The low Reynolds case ͑Re = 150͒, for which DNS is also performed, uses 33 Chebyshev collocation points in the wall-normal direction, 32 Fourier modes in the streamwise direction, and 64 in the spanwise direction. Since the computational domain is the same as in the corresponding DNS ͑⌬x + Ϸ 59 and ⌬z + Ϸ 15͒, which satisfies the requirements of a resolved LES ͑for details, see Piomelli and Balaras 22 ͒. This resolution corresponds to ⌬ / h DNS = 4 in the wall-normal and streamwise directions, and to ⌬ / h DNS =2 in the spanwise direction. The LES simulations are started from filtered DNS fields. After some time, a statistically stationary LES solution is obtained.
In addition, simulations at a higher Reynolds number ͑Re = 590͒ are performed for the dynamic eddy-viscosity model and ADM. In these simulations, the computational domain has a size 2H in the wall-normal direction, 2H in the streamwise direction, and H in the spanwise direction. The resolution is 65 Chebyshev points in the wall-normal direction, 48 Fourier modes in the streamwise direction, and 96 in the spanwise direction. As ⌬x + Ϸ 77 and ⌬z + Ϸ 19, the requirements of a resolved LES are satisfied as well. At this Reynolds number, no particle-laden DNS was performed due to the high computational requirements, but some results can be compared to the DNS without particles at the same Reynolds number by Moser et al. 23 The test cases performed are summarized in Table I . Herein, Re m , the Reynolds number based on the mean velocity, is also included. For the low Reynolds number case, we see that the mean velocity is overpredicted compared to the DNS results for both subgrid models, whereas the mean velocity of the coarse grid DNS is underpredicted. Of the subgrid models studied, ADM agrees best with the DNS. At the high Reynolds number, where according to the results by Moser et al. 23 Re m = 10 935, the agreement in mean velocity is better and again ADM is slightly more accurate than the dynamic model.
B. Particles
Particles are described by an equation of motion for each particle. In the present work only the drag force will be considered, which has been justified by Armenio et al. 24 Particle-particle interaction and the effect of particles on the fluid will be disregarded. This is justified for the low particle concentrations considered in this article. Hence, the equation of motion for a particle i with instantaneous position x i , velocity v i , and mass m i reads
where u͑x i , t͒ is the fluid velocity at the position of the particle. The particle relaxation time p quantifies the drag by the fluid on the particle and is given by p = p d p 2 / ͑18 f ͒, where d p is the particle diameter. The standard drag correlation for particles with particle Reynolds number Re p is not small compared to 1 is applied. 25 In the low Reynolds number simulations shown here, p / f = 769.23, and three different diameters are investigated: portional to the square root of the resolved dissipation rate. The lowest particle relaxation time studied is lower than the smallest turbulent time scale throughout the channel. Hence, these particles are affected by all time scales present in the flow; to disregard the subgrid scales will influence the particle behavior in the whole channel. The highest particle relaxation time studied is larger than the smallest time scale of the flow, both in the DNS and in the LES. This implies that the effect of disregarding the subgrid scales in the fluid velocity will not influence the results much, since these scales hardly affect the particles in this case. Particles with St= 5, on the other hand, have a particle relaxation time equal to the channel-averaged Kolmogorov time. Especially around y + = 25, the Kolmogorov time is close to the particle relaxation time, and the effect of the disregard of the subgrid scales in the fluid velocity will be appreciable. This is exactly the region where the turbophoretic velocity, which leads to particle accumulation at the walls, is largest. The difference between the two LES results in this figure shows that the small scales, which contribute more to the energy dissipation rate than to the kinetic energy, are smaller in ADM than in the dynamic model. In the Re = 590 simulations, particles with the same mass density and the same three Stokes numbers are investigated. These Stokes numbers yield different particle diameters than at the lower Reynolds number, given by d p, 1 Fig. 1͑b͒ , where results from the DNS by Moser et al. 23 are also included. It can be seen that the three particles relaxation times investigated at this Reynolds number are comparable to the ones studied at Re = 150: the lowest is smaller and the largest is larger than the typical time scale of the flow throughout the channel, whereas the intermediate Stokes number is equal to the Kolmogorov time in the region where the turbophoretic velocity is largest.
In the particle-laden simulations, ͑8͒ is solved with the second-order-accurate Heun method. In order to find the fluid velocity at the particle position, an interpolation has to be made. In this work, in the two periodic directions fourthorder Lagrange interpolation, 26 and in the wall-normal direction, fourth-order Hermite interpolation is applied. The particle-laden simulations start from a statistically stationary state of fully-developed turbulence with 100 000 particles of each Stokes number randomly distributed uniformly over the channel. A particle collides elastically with the walls when it reaches one of the walls within a distance equal to its radius. If a particle leaves the computational domain through one of the periodic boundaries, its position is still tracked and the fluid velocity at the particle position follows from periodic continuation of the velocity field.
Solution of ͑8͒ gives accurate results in DNS, but in the particle-laden LES simulations the fluid velocity present in ͑8͒ is unknown and simulations with the fluid velocity replaced by the filtered fluid velocity result in substantial deviations in statistical particle quantities compared to DNS. It is, however, possible to decrease the subgrid errors in the LES results by retrieving part of the subgrid contributions to the fluid velocity by inverse filtering. Inverse filtering frequently occurs in the literature of LES, 7, 16, 27 where it is used to model the turbulent stress tensor. It has often been successful provided that a dissipation term is added to control the extra fluctuations introduced by defiltering. Recently, Kuerten and Vreman 14, 15 and later Shotorban and Maskayek 17 showed that defiltering of the fluid velocity also yields a useful subgrid model in the particle equation of motion.
In the present work, the defiltering depends on the subgrid model and is carried out in the following way. In the dynamic eddy-viscosity model a filter only appears explicitly as test filter. Assuming that the primary filter has the same shape, we adopt the top-hat filter with filter width ⌬ as the primary filter. The inversion is performed in Fourier space in the two periodic directions, whereas in the wall-normal direction the inverse is approximated with a Taylor series up to second order in the filter width. ͑Note that this corresponds to N = 1 in the approximate deconvolution proposed by Shotorban and Mashayek, 17 who applied a Gaussian filter.͒ At the walls the defiltered velocity is set equal to zero. In the ADM simulations the deconvolved velocity field u * , defined in ͑6͒, is used with N = 5, just as in the filtered Navier-Stokes equation.
III. RESULTS
In this section, results of the particle simulations are presented. In the first subsection, results at the low Reynolds number ͑Re = 150͒ are presented and DNS results are compared with the results of both subgrid models with and without the subgrid model in the particle equation of motion. In the second subsection results at the higher Reynolds number 
A. Re = 150
DNS results will be compared with LES results for both subgrid models, both with the filtered and with the defiltered fluid velocity adopted in ͑8͒. Results without subgrid model are also included. A good subgrid model should yield results better than without subgrid model. The discussion will be restricted to three quantities: mean particle velocity, particle concentration, and particle velocity fluctuations. The latter quantity determines particle dispersion, whereas the other two are directly related to the phenomenon of turbophoresis. First, however, some results of the fluid properties are shown, which are important to interpret the particle results.
Fluid properties
The streamwise and the wall-normal fluid velocity fluctuations, which have a large influence on the particle behavior, are shown in Fig. 2 as a function of the wall-normal coordinate for Re = 150. As the DNS results cannot directly be compared with the LES results, the LES results are based on the defiltered fluid velocity. For the streamwise velocity fluctuations, the ADM results agree much better with the DNS results than the dynamic model results. The too-large streamwise velocity fluctuations are a well-known drawback of the dynamic eddy-viscosity model, and this is even enhanced by the defiltering. The LES without subgrid model yields lower streamwise velocity fluctuations than the DNS, in particular near the maximum. The wall-normal velocity fluctuations of the dynamic model agree better with the DNS, but ADM yields slightly better results throughout the height of the channel. Finally, it can be observed that the wall-normal velocity fluctuations calculated without subgrid model are quite good close to the walls, but too low in the central part of the channel. The results of both components indicate that ADM is better capable of predicting the anisotropic properties of channel flow than the dynamic model, whereas the LES without subgrid model is clearly more inaccurate than both subgrid models.
In order to better understand the results presented in the following section, the one-dimensional kinetic energy spectrum in spanwise direction at y + = 25 is shown in Fig. 3 , zoomed in on the region of highest importance. This result shows that the spectrum obtained with defiltered ADM corresponds very well with the DNS result for wave numbers smaller than 20. At higher wave numbers the ADM spectrum decreases very quickly, corresponding to the high-order filter applied in this model and this is only partly canceled by defiltering. The results of the defiltered dynamic model do not show this decrease at high wave numbers and yield a too-high energy for wave numbers larger than 20. The toohigh kinetic energy at lower wave numbers is solely due to the streamwise velocity component, which has too-high fluctuations in this model, as noted in Fig. 2 . Finally, it can be seen that the results without subgrid model distribute the energy over the wave numbers in the wrong way: due to the absence of subgrid dissipation, the energy contained in the smallest waves is too high, and this is at the expense of the energy contained in the lower wave numbers. As shown in Fig. 1͑a͒ , however, the total energy dissipation rate corresponds very well with the DNS result.
Mean wall-normal particle velocity
Although the mean wall-normal fluid velocity component equals zero, the mean wall-normal particle velocity is initially unequal to zero. This phenomenon is called turbophoresis and leads to the accumulation of particles near the walls, which has been measured 28 and numerically predicted in DNS of turbulent channel and pipe flow. 3, 4 This particle transport mechanism is caused by the inhomogeneity of the turbulent velocity fluctuations 29, 30 and can be understood mathematically from the following perturbation expansion of ͑8͒ in case the particle relaxation time is small.
We search for a solution of the form v = v ͑0͒ + p v ͑1͒ +¯, substitute this in ͑8͒, and gather terms with the same power of p . This yields in lowest order 
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Subgrid modeling in particle-laden channel flow Phys. Fluids 18, 025108 ͑2006͒ v ͑0͒ ͑x,t͒ = u"x͑t͒,t…, ͑9͒ which implies that a particle moves with the local fluid velocity, which is of course the limiting situation for passive particles with zero relaxation time. Substitution of this solution in the equation for the next order in p results in
where it is understood that the fluid velocity is evaluated at the particle position. To find the average wall-normal particle velocity, the two terms for v are added and averaged over all particles at a certain wall-normal coordinate. The result is
where u p is the fluid velocity at the particle position. Initially, when the particles are homogeneously distributed, ͗u y p ͘ = 0 and ͗v y ͘ will be directed towards the walls. After a long time, a statistically stationary particle concentration will be reached, in which ͗v y ͘ = 0. Equation ͑11͒ shows that the particles are then preferentially located at positions where the instantaneous fluid velocity is directed away from the wall. The validity of ͑11͒ at small Stokes number is shown in Fig. 4 , where ͗u y p − v y ͘ and p ‫ץ‬ / ‫ץ‬y͗u y 2 ͘ are shown for the DNS at St= 1 as functions of the wallnormal coordinate. As p u rms / H Ӎ 1 is not really small, the agreement is not perfect, but quite good.
In Fig. 5 the mean relative velocity is shown for all simulations and the three particle relaxation times. All results have been averaged over time until t + = 16 000 and over the two homogeneous directions. Equation ͑11͒ indicates that the relative velocity is independent of time, and this indeed appears from the numerical results, apart from a small initial transient. In order to show the differences between the different models more clearly, the figures are restricted to the most interesting region close to the wall. A first observation from these figures is that for all three Stokes numbers, the LES results without defiltering underpredict the maximum in the relative velocity. This can be explained from ͑11͒ and Fig. 2 . According to ͑11͒, the relative velocity is caused by the inhomogeneity of the wall-normal velocity fluctuations. Both subgrid models result in decreased velocity fluctuations and hence in a smaller relative velocity. The relative difference between the DNS and LES results is larger at the two lower Stokes numbers, where the effect of the small scales in the fluid velocity on the particle motion is largest. Moreover, it can be seen that ADM agrees better with the DNS than the dynamic eddy-viscosity model.
A second observation is that defiltering improves the LES results. This results in only small differences between DNS and defiltered ADM results. The results of the dynamic model are less accurate, especially at the lowest Stokes number where the effect of the turbulence on the particles is largest. Apparently, the agreement between the subgrid models used in the filtered Navier-Stokes equation and the particle equation of motion is beneficial for an accurate prediction of particle behavior. The relative effect of defiltering is smaller at the largest Stokes number, which can also be explained from the fact that these largest particles respond less to the smaller scales of the velocity fluctuations, which are most enhanced by the defiltering.
A final observation is that the results without subgrid modeling are, for this relative particle velocity, almost as accurate as ADM with defiltering. This can also be explained from the agreement of the wall-normal velocity fluctuations with the DNS in the near-wall region shown in Fig. 2 . How- 
Particle concentration
The nonzero mean wall-normal particle velocity leads to accumulation of particles near the walls of the channel. In Fig. 6 the concentration of particles close to the walls is plotted as a function of time for the DNS calculations at the three Stokes numbers. To this end, the computational domain is divided in 40 equidistant strips parallel to the walls and particles in the strips closest to both walls are counted. The particle concentration is normalized in such a way that for a uniform distribution, c = 1. The effect of turbophoresis is clearly visible. The concentration close to the walls increases as a function of time: first fast, and later, due to the nonuniformity of particle distribution, more slowly until a statistically stationary particle concentration is reached. The particle concentration close to the walls increases with increasing Stokes number in the regime investigated. The stationary particle concentration is reached at the latest time for the middle Stokes number: St= 5. It has been shown by a priori analysis by Kuerten and Vreman 14 that turbophoresis is reduced when the fluid velocity in ͑8͒ is filtered and that this effect is largest when the particle relaxation time is equal to the Kolmogorov time. For these particles, the effect of the turbulence on their motion is largest.
In Fig. 7 , the results for St= 1 are gathered for all models studied. As for the mean relative velocity, the results of both subgrid models without defiltering underpredict the particle accumulation and again ADM is somewhat better. For ADM and the dynamic model the results with defiltering show a significant improvement. Finally, the results without subgrid model are as accurate as the defiltered ADM and dynamic model and also agree quite well with the DNS results. Again, this follows from the fact that this coarse grid DNS yields almost the same wall-normal velocity fluctuations as the unfiltered DNS. Similar results are obtained at the other two Stokes numbers.
In Fig. 8 the mean particle concentration in the stationary state is plotted as a function of the wall-normal coordinate. It is averaged over time from t + = 16 000 to t + = 20 000 and over the homogeneous directions. The results are similar as for mean relative wall-normal velocity: defiltering of the fluid velocity gives significant improvement, of the subgrid models studied defiltered ADM gives the best agreement with DNS, but for this quantity the performance of the coarse grid DNS is as accurate. Moreover, the effect of defiltering decreases at larger Stokes numbers.
Particle velocity fluctuations
Particle dispersion is directly influenced by the particle velocity fluctuations. In Fig. 9 , the streamwise particle velocity fluctuations have been plotted for St= 1, averaged over time from t + = 1000 to t + = 16 000 and over the homogeneous directions. In addition, this quantity does not depend on time, apart from a small initial transient. The streamwise particle velocity fluctuations are slightly larger than the fluid velocity fluctuations. This cannot be understood from a first-order perturbation expansion in the Stokes number as performed above to explain the mean relative wall-normal velocity. It turns out that the first-order term equals approximately zero and a higher-order expansion involves moments of the velocity up to fourth order, which are difficult to assess numerically.
Since the dynamic model overpredicts the streamwise fluid velocity fluctuations, it is not surprising that the particle velocity fluctuations are also overpredicted by this model. Defiltering only deteriorates this result, since it increases the fluid velocity fluctuations felt by the particles. On the other hand, the defiltered ADM results agree quite well with the DNS results. Finally, the increase in particle velocity fluctuations compared to the fluid velocity fluctuations is not observed in the results without subgrid model. Hence, the difference between this result and DNS is increased with 
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Subgrid modeling in particle-laden channel flow Phys. Fluids 18, 025108 ͑2006͒ respect to the fluid velocity fluctuations. The explanation for this observation can be found in the too-low kinetic energy contained in the low wave numbers. Similar results are obtained for the streamwise particle velocity fluctuations at the other Stokes numbers. In all cases, the defiltered ADM results slightly overpredict the peak value, but agree best with the DNS results. The peak value of the streamwise particle velocity fluctuations increases from St= 1 to St= 5 and slightly to St= 25, whereas the velocity fluctuations decrease mildly with increasing Stokes number near the center of the channel.
In Fig. 10 , the wall-normal particle velocity fluctuations have been plotted for the three Stokes numbers. The figure shows the well-known result that the wall-normal particle velocity fluctuations are smaller than their fluid counterparts, and decrease for increasing Stokes number. A similar perturbation analysis in the Stokes number as above shows that
which involves the skewness of the wall-normal fluid velocity. Since d͗u y 3 ͘ / dy is positive in the whole channel apart from a very small region adjacent to the walls, with a value of approximately 0.01 for y + Ϸ 25, the behavior of the wallnormal particle velocity fluctuations can be understood both qualitatively and quantitatively. Both subgrid models, similar to the fluid results shown in Fig. 2 , yield smaller particle velocity fluctuations than the DNS, but defiltering improves the results. The defiltered ADM results show the best agreement with DNS. Especially for St= 5 and St= 25 the difference between defiltered ADM and DNS is small. The results without subgrid model are clearly less accurate. This is a combined effect of the too small fluid velocity fluctuations and the more inaccurate prediction of the skewness of the wall-normal fluid velocity. The two subgrid models studied also do not predict the wall-normal skewness accurately, but defiltering improves the prediction.
Finally in Fig. 11 , the spanwise particle velocity fluctuations are shown for St= 1. For this quantity the defiltered dynamic model is almost as good as defiltered ADM and both models agree well with the DNS. Close to the wall the results without subgrid model are as good as the defiltered results of the two models, but near the center of the channel the LES without subgrid model produces too-low spanwise velocity fluctuations. Similar results are obtained for the higher Stokes numbers.
As a conclusion, it can be stated that at this Reynolds number the defiltered ADM gives the best results. The defiltered dynamic model has as main disadvantage that the streamwise velocity fluctuations are too high, which is typical for an isotropic eddy-viscosity model. In general, the spanwise and wall-normal velocity components are better predicted. For first moments of particle velocity the LES without subgrid model also yields good results, but its prediction of particle ͑and fluid͒ velocity fluctuations is not accurate. Moreover, LES without subgrid model becomes unstable at higher Reynolds numbers. Therefore, in the next subsection only the dynamic model and ADM will be studied at a higher Reynolds number.
B. Re = 590
As mentioned in the previous section, it is more difficult to assess the accuracy of the results at the higher Reynolds number, since there are no results available of particle-laden DNS at this Reynolds number. However, the fluid DNS of Moser et al. 23 is available and some of the particle statistics at low Stokes number is almost equal to the fluid statistics. For instance, the particle velocity fluctuations at St= 1 should be approximately equal to the fluid velocity fluctuations, as we also saw for the low Reynolds number in the previous subsection. Hence, this subsection is intended to show that the defiltering also works at a higher Reynolds number, to study the effect of defiltering at this Reynolds number and to compare, where possible, particle results at low Stokes number with fluid results calculated with DNS.
Fluid properties
As at the lower Reynolds number, first results for the fluid are compared. In Fig. 12 , the streamwise and wallnormal defiltered fluid velocity fluctuations are compared For the one-dimensional kinetic energy spectrum in the spanwise direction, which is shown at y + = 30 in Fig. 13 , similar conclusions follow as in the low Reynolds number case: the dynamic model yields a too-high energy spectrum for all wave numbers, which is at low wave numbers caused by the too-high streamwise velocity fluctuations and at high wave numbers by insufficient damping. Defiltered ADM agrees very well with the DNS results apart from the tail of the spectrum, which is too low for wave numbers larger than 70.
Mean wall-normal particle velocity
As a first particle result, the mean relative velocity at St= 1 is shown in Fig. 14 . Included is the DNS result for p ‫ץ‬ / ‫ץ‬y͗u y 2 ͘, which, according to ͑11͒, should agree for values of the particle relaxation time small compared to the Lagrangian time scale of the flow. As also at this Reynolds number this condition is not satisfied for St= 1, exact agreement cannot be expected. However, if a similar difference between the right-hand side and left-hand side of ͑11͒ is assumed as at Re = 150, it appears that again ADM performs better than the dynamic model and that defiltering improves the results of both models.
Particle concentration
As a next result, the wall concentration is plotted as a function of time for St= 1 in Fig. 15 . As for the lower Reynolds number, particles accumulate in the near-wall region and a statistically stationary state is reached at t + Ϸ 16 000. The increase in particle concentration near the wall is less than at Re = 150. In contrast to Re = 150, the results of the two subgrid models are almost equal, as is the effect of defiltering. At the two higher Stokes numbers, the defiltered ADM results in a lower wall concentration than the defiltered dynamic model.
Particle velocity fluctuations
As a final result, the particle velocity fluctuations are studied. In Fig. 16 , the streamwise velocity fluctuations are shown for St= 1. Included are the streamwise fluid velocity fluctuations taken from the DNS of Moser et al., 23 which should be almost equal to the particle velocity fluctuations at 23 show that at this Reynolds number the first-order term in p in ͑12͒ is negligible. Hence, at this Stokes number, the particle velocity fluctuations should coincide with the fluid velocity fluctuations. Therefore, Fig. 17 shows that defiltered ADM gives better results than the defiltered dynamic model. It turns out that this is caused by the difference in particle velocity fluctuations and fluid velocity fluctuations in the dynamic model and not by the defiltered fluid velocity fluctuations predicted by this model, which correspond quite well with the DNS. Indeed, the skewness of the wall-normal fluid velocity predicted by the dynamic model is larger than that predicted by ADM ͓see ͑12͔͒.
To see the effect of different Stokes number, the wallnormal velocity fluctuations are plotted for St= 5 and St = 25 in Fig. 19 . The DNS result is included again, but as the wall-normal velocity fluctuations decrease for increasing Stokes number, this serves only for comparison purposes. The LES results both decrease for increasing Stokes number as they should. Moreover, the effect of defiltering decreases at larger Stokes numbers. This is in agreement with the result shown in Fig. 1͑b͒ , that the particle relaxation time is larger than the Kolmogorov time throughout the channel, so that the subgrid scales of the fluid velocity affect the particle motion less.
IV. DISCUSSION AND CONCLUSIONS
In this article, LES of particle-laden turbulent channel flow is studied for two subgrid models, at three different Stokes numbers and two Reynolds numbers. In order to model the subgrid effects in the particle equation of motion the fluid velocity is deconvolved with the use of an approximate inverse of the filter. The objective of this work is twofold: first, to investigate which subgrid model performs best and second, to understand the particle behavior observedspecifically, particle dispersion and wall-normal particle ve- 
025108-11
Subgrid modeling in particle-laden channel flow Phys. Fluids 18, 025108 ͑2006͒ locity. To this end, DNS and LES without subgrid model are also performed for the lower Reynolds number case. The subgrid model in the particle equation of motion significantly improves the results for both subgrid models, and its effect is largest at the two lower particle relaxation times studied, where particles are most influenced by the small scales of the fluid velocity. Of the two subgrid models studied, the approximate deconvolution model agrees best with the DNS results. The results of the dynamic eddyviscosity model are less accurate-in particular, the mean wall-normal particle velocity and the streamwise particle velocity fluctuations deviate from the DNS results. An important reason is that this isotropic eddy-viscosity model is not capable of accurately predicting the fluid velocity fluctuations in regions where the flow is anisotropic. Moreover, from a theoretical point of view ADM has the advantageous property that the same defiltering operation is used in the subgrid model for the fluid and in the subgrid model for the particles. It turns out that this also results in better agreement with DNS. Although for some particle properties the results of LES without subgrid model are as accurate as the defiltered ADM results or even slightly better, the absence of a subgrid model in the Navier-Stokes equation is not an option, since several flow properties, in particular the velocity fluctuations of fluid and particles, are too inaccurate. Besides, LES without subgrid model suffers from stability problems at higher Reynolds numbers.
Apart from the results shown, results have also been calculated with the Smagorinsky subgrid model, which is still often used in commercial computational fluid dynamics simulations. For all quantities considered, the results were far less accurate than those obtained with the other models and defiltering did not show much improvement.
In all results shown, fourth-order-accurate interpolation has been applied to obtain the fluid velocity at the particle position. Simulations with second-order ͑trilinear͒ interpolation have also been performed for the dynamic eddyviscosity model. It appears that this results in substantially smaller particle concentrations near the wall and velocity fluctuations. For both quantities, the second-order results with defiltering closely resemble the fourth-order results without defiltering. This can be understood from the fact that compared to fourth-order interpolation, second-order interpolation acts as an additional filter, thus largely canceling the action of the defiltering operator. It has been shown that the interpolation error is very small if fourth-order interpolation is applied. 31 The two subgrid models were also tested at a higher Reynolds number. Since no particle-laden DNS results were available, only a few results, notably at a small Stokes number, could be compared with DNS. In general, defiltered ADM provides the best results, but the differences between the two subgrid models are smaller than at the lower Reynolds number. Again, the effects of defiltering were quite large at the lower two Stokes numbers.
The results shown in this article clearly indicate that the proposed subgrid model in the particle equation of motion yields a substantial improvement. An advantage of this subgrid model is that it is very easy to implement, both in spectral methods and in finite volume methods. In the simulations presented the computing time needed for the inversion was only approximately 3% of the time needed for the velocity interpolation. Moreover, the same subgrid model can be applied in case two-way or four-way coupling is applied and if other forces between fluid and particles, such as lift force, added mass and pressure drag, are taken into account. For the latter two forces also the fluid acceleration should be defiltered and for the lift force the fluid vorticity, but that can be done in exactly the same way.
Defiltering only models the effects of the resolved scales, in sofar they are affected by the filtering operator. Subgrid scales, which are not represented on the LES grid, cannot be retrieved by deconvolution. This article shows that in general the subgrid scales hardly affect statistical properties of particle motion, such as mean particle concentration and mean and root-mean-square of particle velocity. This can be explained by the fact that the subgrid scales are less coherent than the larger scales of the fluid velocity and hence only influence instantaneous particle behavior. In statistical particle properties these effects cancel.
